ABSTRACT: Early childhood is a period of heightened susceptibility to infection due to immaturity of the immune system, and the nature of these developmental deficiencies is only partially understood. In this study, we focused on the ontogeny of the innate immune system by investigating the capacity of mononuclear cells to secrete a wide spectrum of inflammatory cytokines in response to interferon (IFN)-␥ priming and lipopolysaccharide (LPS) stimulation, namely IL-6, IL-10, IL-12, IL-18, IL-23, tumor necrosis factor (TNF)-␣, and myxovirus resistance protein A, induced by type-I IFN, at several time points between birth (cord blood) and adulthood. Competence to produce all these cytokines followed a similar developmental pattern, with slow postnatal up-regulation from the response observed in cord blood. Unexpectedly, IL-6, IL-10, TNF-␣, and IFN-␥ showed slow postnatal up-regulation but also elevated cord blood responses equal to or greater than the adult level. This was transient and not observed at 2 mo of age, and was not related to predelivery stress of the newborns. Variations in Toll-like receptor (TLR)4 function may account for these age related differences in cytokine responses, as TLR4 expression on neonatal monocytes post LPS stimulation was elevated and sustained relative to infants and adults. (Pediatr Res 62: 547-552, 2007)
S usceptibility to infection is maximal during early childhood due to the immaturity of innate and adaptive immune mechanisms. Functional immune competence develops slowly during the preschool years [reviewed in (1) ], and one of the key rate-limiting steps may be maturation of the capacity to transduce microbial signals from the outside environment. Recently, there has been rapid progress in defining how the innate immune system recognizes and responds to microbial stimuli via activation of TLR (2) , triggering intracellular signaling cascades that result in the transcription of multiple genes that are involved in regulatory and effector functions. However, the precise kinetics of this maturation process at the population level remains poorly defined, and conflicting reports exist relating to age-related changes in production capacity of individual cytokines, in particular those associated with Th1 immunity. A classic example is the Th1 "gatekeeper" cytokine IL-12, which has been reported as produced at both high (3) and low levels (4) in cord blood relative to adults employing different detection systems. There have been similarly contrasting results presented in terms of IL-6, IL-10, and tumor necrosis factor (TNF)-␣, with some studies suggesting lower responses by cord blood cells (5) (6) (7) (8) , and others drawing opposite conclusions (5,9 -11) . However, what is clear is that the ratio of IL-6 to TNF-␣ is higher in newborn cord blood monocytes compared with adult monocytes (7, 12) . Similarly, there is general agreement that production of interferon (IFN)-␥ and IL-18 in cord blood is reduced compared with adults (13, 14) , however, this may not necessarily apply to all cell types (15) .
In the present study, we have readdressed these questions focusing on a wide spectrum of proinflammatory cytokines, notably IL-6, IL-10, IL-12, IL-18, IL-23, TNF-␣, and type-I IFN, within a single, standardized study matrix based on optimal stimulation of the innate immune system. IFN-␥ priming was utilized to permit production of IL-12 as part of the response to lipopolysaccharide (LPS) (16) . Additionally, based on findings from an earlier study, which indicated unexpectedly slow postnatal maturation kinetics for Th-1 associated immune function (4), we have obtained data at a range of time points during childhood between birth (cord blood) and adulthood. Our findings reveal two parallel processes at play in LPS responses during early infancy, notably the time-dependent decay of transient hyperresponsiveness with respect to production of a restricted range of cytokines by neonatal monocytes, superimposed over a more generalized pattern of age-dependent up-regulation of cytokine production that commences later during infancy.
shown that cellular immune responses are not distorted by this process. Cryopreserved CBMC and PBMC were thawed and resuspended at 1 ϫ 10 6 cells/mL in RPMI 1640 and 10% FCS (JRH Biosciences, Lenexa, KS), unless otherwise stated when 10% autologous plasma was used. Cells were primed for 3 h with IFN-␥ (10 ng/mL) before the addition of LPS (1 ng/mL, Alexis Corporation, Läufelfingen, Switzerland; ultrapure TLR grade), and cultured at 37°C with 5% CO 2 . Cell pellets were collected into RNA lysis buffer (Ambion, Austin, TX) 2 h, 6 h, or 24 h after the addition of LPS and stored at -20°C until RNA isolation. At 24 h, cell supernatant was also collected and stored at 4°C until cytokine analysis. In some experiments, CBMC cytokine production was blocked by addition of actinomycin D at 0.5 g/mL (Sigma Chemical Co., St. Louis, MO). In a separate set of experiments, CD56 ϩ cells were removed from the CBMC using CD56 microbeads (Millenyi Biotec, Sunnyvale, CA) according to manufacturer's directions.
Detection of cytokine protein. Protein levels of IL-6, IL-10, and TNF-␣ in culture supernatant were measured by in-house time-resolved fluorometry (TRF), as described in detail elsewhere (18) . The limit of detection for each assay was 10 pg/mL.
Quantitative PCR. Total RNA was isolated using the RNAqueous 96 well Kit (Ambion) according to the manufacturer's directions. Reverse transcription was performed using the Omniscript kit (QIAGEN, Valencia, CA) according to the manufacturer's protocol with oligo-dT (Promega, Madison, WI) and Superasin (GeneWorks, Hindmarsh, SA, Australia). Intron-spanning primers were designed in-house using Primer Express Software (Applied Biosystems, Foster City, CA). Reverse-transcribed RNA samples were diluted 1/5 and quantitated by real-time PCR using QuantiTect SYBR Green Master Mix (QIAGEN) on the ABI PRISM 7900HT (Applied Biosystems). Melting curve analysis was used to assess the specificity of the assay. Copy numbers were determined by 10-fold serial dilutions of plasmid standards and normalized to the reference gene UBE2D2 (19) .
TLR4 detection on blood monocytes. Cord blood and adult PBMC were primed with IFN-␥ and stimulated with LPS (1 ng/mL) for 0, 6, and 24 h before harvest for flow cytometry. Each sample was incubated with biotinylated mouse anti-human TLR4 (clone HTA125, eBioscience, San Diego, CA) for 30 min at 4°C, washed, and then PE-conjugated streptavidin (BD Biosciences, San Jose, CA) and FITC-conjugated mouse anti-human CD14 (clone M5E2, BD Biosciences) were added for another 30 min at 4°C. Background fluorescence controls comprised PBMC incubated with anti-CDH alone. All samples were fixed in PBS containing 0.5% formaldehyde and stored at 4°C. Samples were collected using a 4-color FACSCalibur (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc., Stanford, CA).
Intracellular cytokine detection. PBMC were primed with IFN-␥ and stimulated with LPS for 24 h. Brefeldin A (Sigma-Aldrich, St. Louis, MO; 5 g/mL) was added for the last 16 h of culture. At the end of the culture period, the cells were incubated with anti-CD3-PerCP and anti-CD14-FITC (BD Biosciences) for 30 min on ice, washed, then fixed with formaldehyde (BDH, 0.4% in PBS) overnight at 4°C. Cells were washed and briefly incubated in perm-wash (0.1% saponin (Sigma-Aldrich), 0.5% BSA, in PBS) before biotinylated mAbs against IL-6 or TNF-␣ (BD Biosciences) were added for 30 min on ice. After washing, streptavidin-allophycocyanin (APC) was added for 30 min on ice. Cytokine staining was judged by comparison with cultured but unstimulated controls.
Statistical analysis. All statistical analyses were performed using the statistical package SPSS (SPSS Inc., Chicago, IL). Differences between control and LPS-stimulated response were tested for significance using Wilcoxon matched-pairs signed-rank test for paired responses. Comparisons of responses between different age groups were made using Mann-Whitney U test for unpaired responses.
RESULTS
Age-related changes in cytokine responses to LPS. LPSinduced cytokine mRNA expression was measured for each age group at the time of peak production post stimulation (data not shown for other time points) and normalized to the reference gene UBE2D2 (19) , as shown in Figure 1A . The kinetics of mRNA expression were the same for the subunits of IL-12 and IL-23 and for IFN-␥ and MxA [myxovirus resistance protein A, induced in a dose-dependent manner by type-I interferons, (20) ], which all showed peak mRNA expression 6-h post-LPS stimulation. IL-18 was constitutively expressed with peak mRNA levels 2 h after LPS stimulation. Reduced responsiveness to stimulation was observed in the rate-limiting subunits p19 and p35 of IL-23 and IL-12, respectively, for the cord blood samples and in the 1-and 4-y-old children, such that only 13 y olds and adults showed a significant increase in expression in response to LPS-stimulation (p Ͻ 0.05). IL-18 expression was only significantly increased in response to LPSstimulation in adults (p ϭ 0.021). The mRNA expression levels of all cytokines, including both the constitutive and stimulated levels of IL-18, showed a remarkably similar pattern whereby expression was significantly higher in 13 y olds and adults than in cord blood or 1 and 4 y olds (the highest p value is shown in the legend for Figure 1 ).
An additional and unexpected finding was that the IFN-␥ response in cord blood was consistently higher than in samples from infants and 4 y olds, a pattern that is reiterated below.
Unexpectedly high inflammatory cytokine protein production by cord blood cells. In addition to the targets in Figure  1A , levels of the proinflammatory cytokines TNF-␣, IL-6, and IL-10 were also measured (as protein) at 24 h after LPS Figure 1 . Age-related changes in cytokine mRNA expression and protein production following LPS stimulation. Mononuclear cells were stimulated with LPS/IFN␥, and (A) maximal mRNA expression was measured 6 h post-LPS stimulation (CB, n ϭ 10; 1 y olds, n ϭ 7; 4 y olds, n ϭ 10; 13 y olds, n ϭ 10; and adults, n ϭ 8), except for IL-18, which is expressed constitutively (open bars) and has maximal mRNA expression (black bars) at 2 h post-LPS stimulation (CB, n ϭ 10; 1 y olds, n ϭ 9; 4 y olds, n ϭ 7; 13 y olds, n ϭ 9; and adults, n ϭ 10). (B) Protein levels were determined 24 h post-LPS stimulation (n ϭ 10 per age group) and presented as mean ϩ SE. *p Ͻ 0.050 vs unstimulated (control) cultures; †p Ͻ 0.01 vs 1 y olds; §p Ͻ 0.050 vs 4 y olds; ‡p Ͻ 0.040 vs 13 y olds; ¶p Ͻ 0.040 vs adult. 548 stimulation for all these age groups (Fig. 1B) . Cord blood cells secreted significantly higher levels of these cytokines than samples from 1 y olds (p Ͻ 0.01) and 4 y olds (p Ͻ 0.05), with production in cord cells being at similar levels to that seen in 13 y olds and adults. IL-6 production by cord blood cells was significantly higher than in any postnatal age group (p Ͻ 0.05).
High inflammatory cytokine production by CBMC is rapidly attenuated postnatally. To determine the approximate time frame within which the high levels of TNF-␣, IL-6, and IL-10 production observed in CBMC were maintained postnatally, PBMC from a subgroup of 2-mo-old infants (n ϭ 8) were analyzed separately for LPS-induced cytokine secretion after LPS-stimulation for 24 h and compared with data from the cord blood and samples from 1 y olds. There was significantly lower production of TNF-␣ (p ϭ 0.001), IL-6 (p ϭ 0.001), and IL-10 (p ϭ 0.001) by the 2-mo-old infant PBMC relative to the level produced by CBMC (Fig. 2) , the levels observed being equivalent to that seen with PBMC from 1 y olds.
Employing an additional series of samples, we then tested whether the method of delivery influenced production of inflammatory cytokines by CBMC. Similar levels of the cytokines TNF-␣, IL-6, and IL-10 were produced by LPS/IFN-␥-stimulated CBMC obtained from those that experienced labor and those that did not experience labor (Fig. 3) .
CB cells have higher and sustained TLR4 expression following LPS stimulation. The level of expression of the LPS receptor, TLR4 was measured on CBMC, infant and adult PBMC before (0 h) and at 6 h and 24 h post LPS stimulation (Fig. 4) . TLR4 expression was found predominantly on CD14 ϩ monocytes, which were proportionally highest in number amongst CBMC (14.89 Ϯ 1.72%, compared with 8.13 Ϯ 1.16% in adult PBMC; p ϭ 0.011). Before LPS stimulation, there were similar low levels of expression of TLR4 on CD14 ϩ cells from the different age groups. The level of surface TLR4 expression increased rapidly following LPSstimulation (Fig. 4) , particularly in the CBMC population. Of particular note, TLR4 expression was sustained at significantly higher levels in CD14
ϩ CBMC than in the other age groups. This latter observation of enhanced TLR4 up-regulation on LPS/ IFN-␥ stimulated CBMC was subsequently confirmed employing two additional independent groups of four cord blood and adult monocytes (not shown). It is additionally noteworthy that the TLR4 hyperresponsiveness evident in CBMC was not sustained into infancy, and instead surface expression post LPS stimulation was short-lived in infant CD14
ϩ PBMC relative to cord and adult. Cellular sources of inflammatory cytokines. CBMC and adult PBMC were stimulated with LPS/IFN-␥ and double stained for extracellular surface expression of CD3 or CD14, together with intracellular IL-6 or TNF-␣. As shown in Table  1 and Figure 5 , expression of intracellular cytokine post stimulation in both age groups was most frequent amongst CD14 ϩ monocytes, with low expression in the CD3 ϩ cells and no detectable cytokine staining in the CD3
-and CD14 -cell populations. Moreover, the percentage of cytokine producing monocytes was in the order of double in CBMC 
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relative to adult PBMC. Additionally, overall mononuclear cell counts per unit volume of blood were 2-3-fold higher in cord blood than in adults (not shown).
Follow-up experiments were performed to determine whether CD56 ϩ NK cells also contributed to the CBMC responses, as the frequency of this cell type is known to be elevated among neonates. However, in a series of four replicate samples, depletion of CD56 ϩ cells did not reduce levels of IL-6, IL-10, or TNF-␣ production by LPS/IFN-␥-stimulated PBMC (data not shown). Additionally, supplementation of stimulated cultures with actinomycin D blocked 100% of resultant cytokine production (data not shown), demonstrating that these cytokine responses involve de novo protein synthesis as opposed to secretion of preformed cytokine protein (e.g. from intracellular granules).
Recent evidence (7) suggests that deficiency in serum-borne carrier molecules may also contribute to low-level LPS responsiveness in early life. The principal assay system used for this study used FCS in which levels of these molecules are not limiting, which may have contributed to the high responses of CBMC. Accordingly, we carried out additional experiments contrasting LPS responses of CBMC and 1-y-olds in autologous plasma versus FCS. Figure 6 demonstrates that, although FCS does boost overall IL-6, TNF-␣, and TLR4 responses to LPS/IFN-␥, the relativity between response levels at respective ages is maintained in autologous plasma. It is noteworthy that the suboptimal responses to LPS observed in the absence of IFN-␥ priming were less influenced by these serum effects at the concentration tested, but this may not be the case in higher levels of autologous serum (not tested).
DISCUSSION
The early postnatal period represents the life phase during which susceptibility to microbial infection is highest, and this is generally ascribed to a range of transient developmental deficiencies in innate and adaptive immune mechanisms. There have been many reports indicating that the immune system is deficient in capacity to mount Th1 responses at birth (13, 14) and later during infancy (21) , but there have, in contrast, been only limited studies (4) on how this response capacity develops with age.
We addressed this issue in the present study by focusing on a broad range of classical Th1 cytokines and additional proinflammatory and regulatory cytokines produced in response to LPS by PBMC from different age groups. The developmental pattern observed spanning the period of infancy (1 y) to adulthood was comparable for all the cytokines studied. Notably, response capacity during infancy was low, and increased slowly during the preschool years, generally approaching the adult range in adolescence. This pattern closely mirrors our earlier findings for IL-12p70 (4). The consistency is compatible with the operation of common underlying regulatory mechanisms, which control effector gene expression in mononuclear cells throughout life.
As LPS signals through TLR4, age-related changes in TLR4 function may be responsible for the trend observed. This possibility is suggested by findings (7) indicating significant differences between CD14 and TLR4 function in adult and neonatal monocytes. Of note, this comparable basal TLR4 
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expression but deficient TLR4-mediated LPS-induced TNF-␣ production by neonatal monocytes cultured in autologous plasma has been attributed principally to the elevated concentrations of cAMP in the cytosol of neonatal CBMC resulting in suppression of TNF-␣ but preservation of IL-6 production (22) as opposed to serum defects. It should be noted that the present study focused on the functions of the monocytes per se and deliberately circumvented any potential plasma-related differences via the use of FCS in monocyte assays from all age groups. Our findings indicate similar basal levels of TLR4 expression on adult monocytes and those from 1-y-old infants as per Levy et al. (22) , however, up-regulation of translocation of intracellular TLR4 to the cell surface following LPS stimulation in our study was short lived in infant monocytes relative to adults, declining markedly between 6 and 24 h post stimulation (Fig. 4) , and this may account for the attenuated cytokine responses in the infants (Fig. 1) .
The situation with respect to cord blood cytokine responses is more complex. As noted in Figure 1 , capacity to produce a range of cytokines, notably IL-12, IL-18, IL-23, and type-I IFN, are uniformly reduced in cord and infant monocytes relative to later ages, suggesting persistence into postnatal life of negative control mechanisms operative in the fetus, which are believed to be central to protection of the placenta (23) . However, a group of cytokines do not fit this pattern, notably TNF-␣, IL-6, IL-10 (Fig. 1B) , and IFN-␥ (Fig. 1A) , being instead expressed at adult-equivalent or higher levels in cord monocytes compared with the markedly attenuated expression levels of their infant counterparts. Comparably elevated IL-8 responses have also been reported in cord blood monocytes (10) . This implies either a marked disparity between regulatory mechanisms in monocytes from the different age groups, or alternatively some form of preactivation of the cord cells, with selective downstream effects on cytokine gene expression. Given that the presence of elevated levels of this same group of cytokines in cord blood is a known marker of birth trauma (24), we tested the possibility that stress associated with labor before cord blood collection may account for the heightened TNF-␣, IL-6, IL-10, and IFN-␥ responses observed. However, as demonstrated in Figure 3 , monocyte responses were not detectably different between samples collected after elective cesarean versus vaginal delivery. It is noteworthy that T-cell production of IL-6 and TNF-␣ is also reportedly enhanced in cord blood and this enhancement is also independent of mode of delivery (25) .
Significant differences, however, were detected between cord blood and infant monocytes in relation to TLR4 expression. Recent studies suggest that TLR4-dependent LPSinduced TNF-␣ and IL-6 responses are markedly attenuated in neonatal monocytes, when LPS stimulation is performed in the presence of neonatal plasma (6,7), but it is not clear whether this deficiency is entirely or only partially due to deficiencies in LPS carriers and/or the presence of inhibitors in neonatal blood. As noted in Figure 4 , up-regulation of surface expression of TLR4 on monocytes following LPS stimulation in the presence of serum known to be fully supportive of TLR4 function (i.e. FCS), revealed more rapid and sustained TLR4 translocation to the cell surface in neonatal monocytes, relative to other age groups. We hypothesize that this enhanced TLR4 activity in cord blood monocytes, coupled with their increased frequency within the circulating white cell compartment and per unit volume of blood, underlies the selective enhancement of TNF-␣, IFN-␥, IL-6, and IL-10 responses observed in LPS-stimulated cord blood. Furthermore, IL-6 may also be responsible for the elevated and sustained level of TLR4 surface expression on monocytes (26), as cord blood monocytes had significantly higher TLR4 expression and higher IL-6 production compared with adults, which were significantly higher in both regards than the 1-y-olds. The nature of the molecular mechanism(s) underlying the differences between regulation of the latter group of cytokines versus IL-12, IL-18, IL-23, and type-I IFN in neonatal monocytes remains to be determined. In this context, it has been established that responses to LPS mediated via TLR4 can be divided into a component that is dependent upon the adaptor protein myeloid differentiation factor antigen 88 (MyD88), and a MyD88-independent response, which is dependent upon the adaptor protein TOLL/IL-1 receptor domain-containing adaptor inducing IFN-␤ (TRIF).
It is of interest to note that the cytokines that are hyperexpressed by CBMC relative to their infant counterparts (TNF-␣, IFN-␥, IL-6, and IL-10) are uniformly MyD88-dependent, whereas those that show equivalently attenuated response levels in the cord blood and infant groups compared with the later age groups (p35IL-12, IL-18, p19IL-23) are controlled via TRIF-dependent mechanisms (27, 28) . A finding that superficially appears to complicate this issue is that MyD88 levels as determined in LPS-stimulated cord blood monocytes by Western blotting are lower than in adult monocytes (8) , however, this may be due to the use of LPS-carrierdeficient cord blood plasma in the assay system, as opposed to an intrinsic defect in the neonatal monocytes themselves.
In conclusion, there appears to be major differences in developmental regulation of TRIF-dependent versus MyD88-dependent cytokines in mononuclear cells in early life. Further research is required to more fully define the molecular mechanisms underlying these differences. It also remains to be determined whether the transient hyperresponsiveness of neonatal monocytes in regards to production of TNF-␣, IL-6, IL-10, and IFN-␥ have any pathologic implications, for example, in the context of responses of newborns to microbial pathogens.
